The resistivity of multi-walled carbon nanotube networks can be changed by filling Cu into the nanotubes as well as by preparing the nanotube networks with various densities. The resistivity can be controlled to be lower than the c-axis resistivity of graphite, and has a low temperature coefficient of 1.12 10 /K over the temperature range of 20~500 K.
Introduction
Carbon nanotubes (CNTs) are being used extensively for electronic applications such as in optoelectronic devices, transistors, touch-screens, flexible microelectronics, and chemical sensors [1] . In such applications, the CNTs are used in forms such as single tubes, bundles, random networks, and composites with polymers, metals, or ceramics. When CNTs are used in a device, foreign atoms will adsorb onto their internal and external surfaces, and this leads to degradation of their electronic properties of the device if the CNTs are single-walled carbon nanotubes (SWCNTs).
For this reason, multi-walled carbon nanotubes (MWCNTs) are more suitable for the device applications than SWCNTs because the inner graphene walls of MWCNTs can remain unreacted and the essential electronic structures can be retained.
SWCNT films are attractive replacements for transparent conductors such as tin-doped indium oxide (ITO) and fluorine-doped tin oxide (FTO) in optoelectronic devices [2] . However, their room-temperature conductivity decreases by about four orders of magnitude as thickness decreases from 100 to 1 nm [3] . The resistance of the SWCNT films is dominated by the resistance of the intertube junctions formed from the crossed semiconducting SWCNTs. On the other hand, the electrical and optical properties of MWCNT films related to their thickness are still not studied in detail. Moreover, it is highly possible to achieve low resistivity MWCNT films with reduced monolayer density by filling high-conducting metals into the MWCNTs resulting in a high transparency of MWCNT network as well.
It is reported that the conductance of an individual MWCNT is lower than that of a SWCNT because the conductance is only formed at the outermost wall of the MWCNT and also, the interaction of the tube walls decreases the conductance. But recent results reveal a substantial contribution of conduction from the second wall after carriers tunnel from the outermost wall [4] . A perfect electrical contact with an MWCNT can be achieved by preparing the contact electrodes during the tube growth and this technique has shown that the conductivity of MWCNT can be several hundred times higher than that of SWCNT [5] . From the above results, new application fields based on MWCNT networks can be developed by controlling the contact properties of the MWCNTs with metals as well as by filling metals into the nanotubes.
In this study, we have prepared copper-filled MWCNT networks at various Cu concentrations, and the resistivity of the network prepared with various densities is measured as a function of temperature. Carrier transport mechanisms in the various networks are also discussed.
Experimental procedure
Laser vaporization of a carbon target containing Cu was carried out in an argon gas atmosphere at a pressure of 0. heating and cooling at a rate of 0.14 K min . 
Results and discussion
The SEM image of a typical Cu@MWCNT pellet is shown in Fig. 1(a) . The nanotubes with uniform diameter and high aspect-ratio, which constitute a random network, can be seen. From the SEM image, it is suggested that the resistance of the network will be determined by the total resistance of the inter-and intra-tubes as the filling of copper changes only the resistance of the intra-tube. The room-temperature resistivity of the Cu@MWCNT pellets with the C/Cu ratio of 0.57 is also measured for samples prepared at various pressures of 50, 76, 128, and 191 MPa. The room-temperature resistivity is shown in Fig. 4 as a function of pressure and it can be observed that resistivity decreases with increase in the applied pressure or the density of the network. Increasing the density of the Cu@MWCNT network is another means of effectively changing its resistivity apart from filling Cu into the tubes. Secondly, the measured temperature coefficient of the Cu@MWCNT networks has smaller value of 1.12 10 /K over the temperature range of 20~500 K. This is due to the fact that the MWCNT has a negative temperature coefficient [6] , and also as shown in Fig. 3 . The result shows that, the filling of Cu can decrease the intra-tube resistivity of the Cu@MWCNT network.
Thirdly, the contact resistance between the metal and MWCNT depends upon tunneling of electrons across a finite physical barrier created by Van der Waals interaction at the metal/CNT interface [8] . In this study, the barrier height depends mainly on the work function difference between Cu and MWCNT. The work functions are 4.8 eV for MWCNT [9] , 4.48 eV for Cu(110), 4.53 eV for Cu(112), 4.59 eV for Cu(100), and 4.95 eV for Cu(111) surfaces [10] . The barrier leads to a contact resistance across the Cu/MWCNT interface and in particular, if a smaller voltage is applied to the interface [9] . As seen in Fig. 3 , therefore, the resistivity of the Cu@MWCNT network, which is lower than the c-axis resistivity of graphite, is related to the filling of Cu into the nano-tubes.
Finally, the resistivity of the Cu@MWCNT network is also dependent on the number of conductive paths through the network and the number of inter-tube junctions encountered on a given path. Higher density of the network results in the lowering of the resistivity as shown in Fig. 4 .
Filling Cu into the hollow tubes can only decrease the intra-tube resistivity by increasing the conducting cross-section of the tubes.
Conclusion
In summary, the Cu@MWCNT network was prepared and its resistivity was measured as a function of temperature and density of the network. The resistivity can be lower than the c-axis resistivity of graphite and has a smaller and constant temperature coefficient over the temperature range from 20 to 500 K. The resistivity decreases with increasing the Cu amount encapsulated into the tubes as well as the density of the network. 
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